We discuss CP violation in top-antitop production at the LHC, induced by gluon fusion and final-state Higgs exchange. Results by Bernreuther and Brandenburg are confirmed and further reduced. The lepton energy asymmetry is studied in detail in explicit Two-Higgs-Doublet Models with near-maximal mixing in the neutral Higgs sector. Unless there is only one light Higgs particle, and unless (in "Model II") tan β < ∼ 1, the CP -violating effects are very small, possibly too small to be seen at the LHC.
Introduction
One of the most promising ways in which one can search for new physics at the LHC, is in CP violation in connection with tt production. It is generally believed that the top quark, since it is very heavy, might be more susceptible to new physics [1, 2] . In the particular case of Higgs-mediated interactions, this is naturally the case, since the Higgs coupling to the top quark is proportional to its mass. This process pp → tt + X (1.1) has been explored in considerable detail by Bernreuther and Brandenburg [3, 4] who identified the different kinematical structures appearing in the CP -violating part of the interaction, and evaluated them in a generic Two-Higgs-Doublet Model [5] .
Here, we review (and confirm) these calculations, and apply the results to a particular version of the Two-Higgs-Doublet Model, in which the CP violation is minimal in structure [6] . This allows us to relate and constrain the couplings and masses of the model. Such relations among parameters are crucial in order to estimate the magnitude of possible signals.
If the Higgs states are not eigenstates under parity, then their couplings to the fermions will violate CP . In particular, if the Htt coupling (for a given Higgs particle) is of the generic form
Htt : [a + iγ 5ã ], (1.2) then the CP -violating part of the cross section for the process (1.1), which depends on the t andt spins, will be proportional to the dimensionless model-dependent quantity
where a,ã are the reduced scalar and pseudoscalar Yukawa couplings, respectively.
Here, we restrict ourselves to the subprocess gg → tt since it is the leading tt production mechanism at the CERN LHC. Theinitial states, which are important at the Tevatron [3] , contribute at the LHC less than 10% to the total cross section [7] and give only a numerically negligible contamination of the CP -violating signal [1, 3] .
The MSSM provides an alternative, very interesting framework for CP violation via the Higgs sector [8] . Additional effects in the MSSM include CP -violating gluino exchange [9, 10] as well as those due to phases in the bilinear and trilinear couplings, given by the so-called µ and A t parameters. For an application to the process (1.1), see [10] . We here restrict ourselves to the 2HDM, this is already a rich framework.
The paper is organized as follows. After a review of notation and relevant formulas in sect. 2, we give model-independent results in sect. 3, focusing on basic observables discussed in [3] . In sect. 4, we review the physical content of the 2HDM, and in sect. 5, we study the magnitude of the CP violation for two distinct neutral Higgs mass spectra: two light and one heavy vs. one light and two heavy. Sect. 6 is devoted to concluding remarks, and an appendix summarizes the basic one-loop results for the CP -violating amplitudes.
Preliminaries
A schematic representation of a generic one-loop diagram of the process gg → tt is given Figure 1 : Kinematics of the underlying g(k 1 ) + g(k 2 ) → t(p 1 ) +t(p 2 ) reaction.
Notation
The momentum and the spin four-vectors of the top (and antitop) quark are denoted by p 1 and s 1 (and p 2 and s 2 ), respectively, with m t the mass, whereas the momenta and the Lorentz indices of the initial gluons are represented by k i and µ i (i = 1, 2). We introduce the linearly-independent set of momenta (P g , Q, P t ):
with Q · P t = Q · P g = 0. The non-vanishing scalar products involving the momenta (P g , Q, P t ) are given by Q 2 = −P 2 g =ŝ, P 2 t = −β 2ŝ and (P g · P t ) = −βzŝ whereŝ is the gluon-gluon center of mass energy squared, β = 1 − 4m 2 t /ŝ is the top quark velocity and z = cos θ = (P g ·P t ), with θ the scattering angle in the gluon-gluon center of mass frame. Working with the linearly-independent set of momenta (P g , Q, P t ) simplifies the kinematics, the four-point first-and second-rank tensor loop integrals in particular. 
Spin-dependent CP -violating parts arise from terms linear in γ CP , (1.3). Those originate from interference between M 0 and M 1 , and from |M 1 | 2 . 2 We write
where the non-interesting CP -even part of the cross section σ even results from |M 0 | 2 and from the terms in |M 1 | 2 that are independent of γ CP or even in this quantity. The CPviolating part of the cross section can be written in the most general Lorentz-invariant form as
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with the auxiliary pseudovector Figure 3 : Feynman diagrams of the underlying gg → tt reaction with neutral non-Standard-Model Higgs exchanges (dashed). The crossed diagrams are not shown (diagram (g) has no crossed partner).
The coefficients Φ 1 , . . . Φ 3 and Ψ 1 , . . . Ψ 3 , the structure of which are determined by the actual Higgs exchange diagrams (for details, see [3, 17] ), depend onŝ, z and the masses of the Higgs boson and the top quark, m H and m t .
The Bernreuther-Brandenburg decomposition
Bernreuther and Brandenburg describe the CP violation in the process of fig. 1 in terms of the tt production density matrix, eq. (2.8) in [3] as:
where (in our notation)k =P g ,p =P t andn is the unit vector in the direction of n = P g × P t defined in the gluon-gluon center of mass frame. 3 The σ i are Pauli matrices with s 1 = 1 2 σ ⊗ 1 (s 2 = 1 2 1⊗ σ) the spin operator of the top (anti-top) defined in the top (anti-top) rest frame.
The relation of this expansion to our eq. (2.4) is given by:
The symmetry properties of these functions are given in [3] .
We confirm the results for these functions (2.7) given in the appendix of ref. [3] , up to some misprints mentioned in [4] . Also, we have further reduced the results of the box diagram to the basic four-point function together with three-and two-point functions.
This yields a more unique representation, and is also convenient for the use of standard loop function libraries, like the "LoopTools" package [13, 14] . Our results are collected in Appendix A.
Model-independent results
Before invoking concrete models, we shall first update and review some CP -violating quantities discussed in [3] , both at the parton level and at the hadronic level.
CP violation at the parton level
We first consider the non-vanishing 4 parton-level CP -odd quantities [3] :
where A g is the spin-independent part of the CP -even part of the production density matrix given analytically in [3] . We note that these two spin-spin correlations are given and c (f ) g 2 and a wrong factor of 8π in the Higgs width Γ Z used in [3] and corrected in [4] . In our numerical work, we used the "LoopTools" package [13, 14] .
As stressed in [4] , for Higgs masses above the tt threshold, the quantity (3.1) (and to a lesser extent (3.2)) has a characteristic "resonance-interference" shape, with peaks in the 
Observables in pp
We consider events where the t and/or thet quarks decay semileptonically:
and denote the lepton laboratory-frame momenta and energies by l ± and E ± . Following ref. [3] , we neglect any CP violation in the top decay. This effect has been found to be small [15, 16] .
For reference, we shall consider the observables [3]
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where p t (pt) is the top (anti-top) momentum in the laboratory frame.The observable A 2 requires the top or anti-top to decay to jets. In fig. 5 we show the expectation value A 1 , together with the ratio 5 , but for m t = 175 GeV. 6 Here, and throughout this paper, we have used the CTEQ6 parton distribution functions [12] . The fact that S/N = O(10 −3 ) means that of the order of a million tt events are required (in the dilepton channel). Also, it means that the relative lepton energy must be known at (or better than) the per mille level. Next, we turn to the observable A 2 . We reproduce the analytical result of [3] , their eq. (4.5), but our numerical result, shown in fig. 6 , has the opposite sign, and the signalto-noise ratio is in magnitude smaller than theirs by a factor of O(1/10) [17] . Thus, the observable A 2 may be rather hard to access at the LHC.
The reason for the small signal-to-noise ratio for A 2 (as compared to A 1 ) appears to be a combination of two effects. The main effect is due to the Lorentz transformations.
Since it is bilinear in momenta, factors like
gg for A 1 , with β gg the gluon-gluon c.m. velocity w.r.t. the laboratory frame. The "signal-to-noise" ratios for these quantities ("quasi-observables") B 2 and B ′ 2 are reduced with respect to that of B 1 by a factor of 3-4. This is due to the importance of events where the tt invariant mass is close to threshold, and the relatively light tt system has a high velocity in the laboratory system. Furthermore, in A 2 , higher powers of cosines of angles are involved, and we note that, for example, cos 2 θ = 1/3, whereas cos 4 θ = 1/5. Together, these two effects give a reduction by O(1/10).
For values of the Higgs mass above the tt threshold, there is a fall-off in the absolute value of S/N. This is in part due to cancellation between the positive and negative parts in p · (s 1 − s 2 ) , as shown in fig. 4 . One possible way to enhance the signal, would be to consider bins in M tt , centered around the resonant contribution of the (lightest) Higgs particle [4] . We have investigated various other ways to reduce this loss of sensitivity, by studying instead of A 1 , the modified observables:
The expectation values and signal-to-noise ratios for these observables are also shown in fig. 5 , labeled "a", "b" and "c". For A (b) 1 , and for high Higgs masses, a significant improvement is obtained. However, the modified observables A and signal-to-noise ratio that result from errors of 10% in this invariant mass.
If only the magnitude of A 1 is required, then it can be determined with better sensitivity from A 
The Two-Higgs-Doublet Model
In the previous discussion, the amount of CP violation was given by the Yukawa couplings a,ã (in particular, via the product, γ CP = −aã) and the Higgs mass. In an explicit model, the situation is more complex, since there are several Higgs bosons, whose masses and couplings will be inter-related by the specific model. As an example of such a more complex situation, we shall in this and the next section study a specific Two-Higgs-Doublet Model where the CP violation is minimal in structure.
Parametrization
The Two-Higgs-Doublet Model we want to consider, is the one discussed in [6] , where the potential is given by
The parameters λ 5 and m 2 12 are allowed to be complex, subject to the constraint
with v 1 and v 2 the vacuum expectation values (v 2 1 + v 2 2 = v 2 , with v = 246 GeV). It is this quantity, Im m 2 12 (or Im λ 5 ) which leads to CP violation, and one may think of CP violation as being introduced softly, via the mass term m 2 12 in (4.1). Since the potential has a Z 2 symmetry that is only broken softly by the m 2 12 term, flavour-changing neutral currents are suppressed [18, 19] .
The neutral-sector mass squared matrix corresponding to the potential (4.1) can be written as (for details, see [6] ) For Im λ 5 = 0, the elements M 13 and M 23 provide mixing between the 2 × 2 upper left part of the matrix and M 33 . These two sectors would otherwise represent two scalar (usually denoted h and H) and one pseudoscalar Higgs boson (denoted A). We note that these two "mixing elements" are related via tan β:
It is in this sense that the CP violation is minimal in structure. This simple relation is violated in more general models, with so-called λ 6 and λ 7 terms in the potential [6] .
We diagonalize (4.3) with the matrix R, defined such that
and use for the rotation matrix [20] 
with c i = cos α i , s i = sin α i . The angular range, beyond which R is repeated, can be chosen as −π/2 <α ≤ π/2, −π < α b ≤ π, and −π/2 < α c ≤ π/2. However, the physical range is more restricted, since we require
There are certain symmetries, under which the masses are unchanged, but one or two rows of R (i.e., physical Higgs fields) change sign. These symmetries are:
In addition, we have the following symmetry forα, α c fixed: The CP -conserving case is obtained by taking α b = 0 or α b = π, together with α c = 0 andα = 1 2 π + α arbitrary. Here, α is the familiar mixing angle of the CP -even sector. Thus, as alternatives to Im λ 5 , the angles α b and α c parametrize the mixing that leads to CP violation. Of course, replacing one parameter by two, constraints are imposed on the mass spectrum.
Yukawa couplings
With this notation, and adopting the so-called Model II [21] for the Yukawa couplings, where the down-type and up-type quarks are coupled only to φ 1 and φ 2 , respectively, the Htt couplings can be expressed (relative to the SM coupling) as
As mentioned in the Introduction, the product of the scalar and pseudoscalar couplings,
plays an important role in determining the amount of CP violation. We note the following symmetries of γ CP for any of the three Higgs bosons H j (j = 1, 2, 3):
• under the symmetries "A" and "B" of (4.7), γ CP is invariant,
• under the symmetry "C", γ CP changes sign.
As was seen in sect. 3, unless the Higgs boson is resonant with the tt system, CP violation is largest for small Higgs masses. We shall therefore focus on the contributions of the lightest Higgs boson, H 1 . For the lightest Higgs boson, the coupling (4.9) becomes
whereα and α b are mixing angles of the Higgs mass matrix as defined above.
When the three neutral Higgs bosons are light, they will all contribute to the CPviolating effects. In fact, in the limit of three mass-degenerate Higgs bosons, the CP violation will cancel, since [cf. eq. (4.10)]
due to the orthogonality of R.
"Maximal CP violation"
The |γ CP | of eq. (4.11) is readily maximized w.r.t. the rotation anglesα and α b : 
In this description, one measure of "maximal mixing" would be to ignore the lightest mass, and then require the coefficients of M 2 2 and M 2 3 to be equal in magnitude. This would require | sin(α)| = 0 or | cos(α)| = 0, i.e.,α = 0, ± 1 2 π or π, and simultaneously | sin(2α b )| = | sin(2α c )| = 1. We shall refer to these cases as "maximal mixing".
The bounds on the electric dipole moments of the neutron and the electron impose restrictions on the allowed magnitude of CP violation in the 2HDM. We note that, within a consistent framework, and for maximal CP violation in the Higgs-gauge sector [22] (which amounts to maximizing the product of the three couplings (4.25), and thus is different from the present concept of "maximal CP violation", where we consider Yukawa interactions only), those bounds restrict the mass splitting between M 2 and M 3 to be less than O(15% − 20%) [23] .
Physical content
Specifying all the parameters of the potential, as well as the structure of the Yukawa couplings, the physical content of the model is fixed. We shall here follow a somewhat different approach: We start out by specifying the masses of two Higgs bosons (the lightest and one other), together with tan β and the three angles that determine R. Then, unless α b = 0 or α c = 0, the third Higgs mass can be determined, as well as all the couplings. This approach gives more "control" of the physical input.
With tan β, R and the masses of two neutral Higgs bosons fixed, the third one is given by
where we have assumed Im λ 5 = 0 and made use of the relation (4.4). Invoking the orthogonality of R, one sees that this relation (4.15) only relates differences of masses squared:
In general, as two Higgs masses approach each other, also the third mass has to approach the same value, as we can read off eq. (4.16). However, for particular choices of the parameters, this is not the case. For example, if we put the coefficient of M 2 1 in eq. (4.15) equal to zero, one has M 2 = M 3 for R 13 (R 11 − R 12 tan β) = 0.
(4.17)
This equation is satisfied for (i) R 13 = 0, or (ii) tan β = R 11 /R 12 or (iii) R 11 and R 12 each zero. Solution (i) implies α b = 0, whereas solution (ii) implies tan β = cotα, orα = 1 2 π−β. Solution(iii) implies |α b | = π/2 where, non-interestingly, the three masses are arbitrarily chosen. Following from (ii), for example, we get M 2 = M 3 for arbitrary M 1 , for the choice of parameters tan β = 1 andα = π/4.
Allowed regions in the parameter space
In fig. 7 we show the allowed regions in the α b -α c plane for selected values of tan β andα, subject to the constraint M 1 ≤ M 2 ≤ M 3 . Regions of negative α c and |α b | > π/2 are not shown, they follow by the symmetries "A" and "C", respectively, of eq. (4.7).
In this analysis, we keep M 1 and M 2 fixed, and determine M 3 from eq. (4.15). Clearly, this breaks down when R 33 (R 31 − R 32 tan β) = 0, (4.18) in which case M 3 is not determined. This occurs deep inside the unphysical region, as explained below.
The dark (blue) regions in fig. 7 are allowed, the white ones are not allowed. Some reasons why a region is physically forbidden are: (i) the equation for M 3 has no solution (for example, when M 2 3 < 0, or when eq. (4.18) holds), (ii) M 3 > M 2 is violated, (iii) positivity of the potential (4.1) is violated, or (iv) perturbativity is violated. The requirement to perturbativity is taken as
where we somewhat arbitrarily take ξ = 0. Coming now to the more interesting case (2) of (4.20), which, according to eq. (4.6) is satisfied for tan(β +α) tan α c = sin α b , (4.21)
we obtain the contours shown in fig. 7 deep inside the unphysical region.
These contours must be in the same "quadrant" in the α b -α c plane as where the phys-ically allowed region is located. This can be seen as follows. On one side of the contour, M 2 3 is large and positive. By continuity, moving from the contour toward the line α b = 0, where M 3 = M 2 , the value of M 3 will inevitably pass through an allowed region where
This observation allows us to determine in which quadrant the physically allowed regions are located. Near the origin, (4.21) can be approximated as
Thus, α b α c > 0 when 0 < β +α < 1 2 π, First (or third) quadrant (4.23)
whereas α b α c < 0 when − 1 2 π < β +α < 0 or 1 2 π < β +α < π, Second (or fourth) quadrant (4.24) in agreement with fig. 7 . Finally, we note from (4.22) that the physical region may occupy a large fraction of the actual quadrant when |β +α| ≃ π/2, and only a small fraction of the quadrant when |β +α| ≃ 0 or π.
Higgs-vector-vector couplings
The non-discovery of a Higgs boson at LEP poses constraints on tan β and on the Higgs mass. While SM Higgs masses below 115 GeV are excluded [24] , as well as tan β < ∼ 2-3 in the MSSM [25] , these bounds can be eluded in the 2HDM, if the lightest Higgs boson couples with sufficiently reduced strength to the vector bosons. In fact, this coupling is (relative to the corresponding SM coupling) given by
Higgs masses down to about 50 GeV are allowed, provided this coupling squared is less than about 0.5 [26] .
We show in fig. 8 the square of the coupling of the lightest Higgs boson to vector bosons, relative to that of the Standard Model, g 2 V V , for low values of tan β. As discussed above, fig. 7 ).
for masses of the lightest Higgs below ∼ 100 GeV, this quantity should be well below unity, in order not to be in conflict with the non-observation of a Higgs boson at LEP2 [24] .
It should be noted that this coupling can be expressed in terms of angles only, without any dependence on masses. However, for certain combinations of mass parameters and α c values, some α b ranges might be unphysical, as illustrated forα = 0 and tan β = 0.5 in this figure, as well as in fig. 7 .
Case Studies
In order to get a better idea how much CP violation the 2HDM can give, we shall here discuss the case of "maximal CP violation" in the sense of eq. (4.13), together with small values of tan β and light Higgs masses.
In the following two subsections, we shall analyze two cases, first (sec. 5.1) the case of two Higgs bosons being light, and then (sec. 5.2) the case of one light and two heavy ones. These are qualitatively different, since in the first case there will be considerable cancellations among the CP -violating contributions, because of (4.12).
With all mixing angles fixed, and two Higgs masses specified, the third Higgs mass is determined. Thus, the "soft" mass term µ 2 = Re m 2 12 / sin 2β only enters in converting the masses (and angles) to λ's. We check that the required λ's satisfy positivity of the potential and perturbativity, eq. (4.19).
Case 1. Two light and one heavy Higgs bosons
As a first case, we consider M 1 ≤ M 2 = 300 GeV (below the tt threshold) with M H ± = 500 GeV and tan β = 0.5 and 1.0. (This is well within the limits on M H ± and tan β derived from studies of meson decays and mixings [27] .) Then, for α c = π/4, π/3 and 5π/12, we show in fig. 9 the heaviest Higgs boson mass, M 3 vs. M 1 , for tan β = 0.5, 1.0 and 1.5. We note that, for some of the parameters considered, there is no solution (we take ξ = 1.0), as also follows from fig. 7 . Figure 10 : Signal-to-noise ratio, for lepton energy correlations A 1 in pp → ttX vs. lightest Higgs mass for the 2HDM, for a case of three moderately light Higgs bosons (see fig. 9 ) and tan β = 0.5 and 1.0. "Maximal CP violation" is considered (cf. eq. (4.13)), and α c = π/4, π/3 and 5π/12. Also shown, is the contribution of the lightest Higgs boson only (independent of α c ).
However, in the present case, the inclusion of all three contributions leads to large cancellations. This also implies that, even if no CP violation should be observed, it may be difficult to conclude that the Higgs sector conserves CP , since such cancellations are possible. Of course, if it is possible in the experiment to consider some bin in M tt around M 1 [4] , then the signal would be enhanced toward the values given by the contribution of H 1 (dotted curves).
As expected, the CP -violating effects are largest for low values of M 1 . Since the two lightest Higgs bosons are below the tt resonance, there is a smooth dependence on M 1 .
As M 1 approaches M 2 (where all three masses are degenerate), the CP -violating effects cancel. On the whole, the resulting CP violation is reduced by a factor of ∼ 1/4 compared to the "model-independent" case considered in sect. 3.
Whereas the top Yukawa couplings of the lightest Higgs boson do not depend on α c , some dependence on this quantity enters, via the couplings of the two heavier Higgs bosons to the t quark. This is also illustrated in fig. 10 . studied, for fixedα = π/2, α c = π/3. Right panel: Different values ofα are studied,α = 0, π/4 and π/2 ("maximal mixing") with α c = π/3 (see fig. 7 ). The mixing angle |α b | = π/4 is kept fixed. Two values of tan β are considered: 0.5 and 1.0.
Since the two heavier Higgs bosons can contribute significantly to A 1 , the dependence on α b need not be as simple as discussed in sect. 4.1. In particular, the CP violation need not be maximal for α b = ±π/4 (or ±3π/4). Fig. 11 (left panel) illustrates the dependence on α b for fixedα = π/2, α c = π/3, and two values of tan β (0.5 and 1.0). One confirms the general impression from the form of (4.6) and the discussion following (4.14) , that |α b | should be sizable, but not necessarily π/4, in order to maximize the CP violation.
It is also possible that one Higgs boson does not violate CP in its couplings to the t quark, and yet the other two do. For example, forα = 0, the lightest Higgs boson has a pure pseudoscalar coupling to the top quark, and hence the CP violation is exclusively due to the two heavier Higgs bosons. In this case, the resulting total contribution to the lepton energy correlations A 1 may even exceed that obtained when the contribution of the lightest Higgs boson is maximal, see fig. 11 (right panel).
Case 2. One light and two heavy neutral Higgs bosons
Next, we let two of the neutral Higgs boson masses be more heavy, taking M 3 ≥ M 2 = 500 GeV, and M H ± = 700 GeV. The resulting mass values, M 3 , are shown in fig. 12 , for two values ofα, three values of α c = π/4, π/3 and 5π/12, and small values of tan β. For the cases studied in sect. 5.1, solutions could be found with µ = 0. This is here not the case. Forα = π/2 ("maximal CP violation"), no value of µ allows a light H 1 (fig. 12 Figure 12 : Heaviest Higgs-boson mass, M 3 vs. M 1 , for M 2 = 500 GeV and M H ± = 700 GeV. For some parameters, there is a lower limit for M 1 , due to perturbativity, eq. (4.19), where we take ξ = 1.0.
We show in fig. 13 the corresponding results for the lepton energy asymmetry, A 1 , for tan β = 0.5 and 1. In this case, as opposed to the cases considered in sect. 5.1, since H 2 and H 3 are heavier, it is a good approximation to consider only H 1 exchange up to M 1 ∼ 450 GeV. As a result, the CP -violating effects are significantly larger than in the low-mass case studied in sect. 5.1. The amount of CP -violation for one light Higgs boson, GeV) , is comparable with, and may exceed that obtained for a mass around the tt resonance.
We note that there is only a rather weak dependence on α c . This is clearly due to the There are in fact two reasons for this. First, the contribution of H 1 to γ CP vanishes linearly. Secondly, M 2 and M 3 become degenerate in this limit. According to the discussion in sect. 4.2, all three masses must then become degenerate, and there is no CP violation.
Case 3. The tt transition region
As is seen from fig. 4 , and also from a qualitative comparison of Case 1 and Case 2, there is in general less CP -violation if two Higgs masses are below the tt threshold than if two masses are above. We here explore this transition region in a little more detail, by comparing in fig. 15 a few values of the intermediate Higgs boson mass M 2 , below and above the tt threshold, keeping the mixing angles fixed atα = π/2, |α b | = π/4, α c = π/3 and tan β = 0.5. One sees that, for values of M 1 well below M 2 , there is little dependence on M 2 , unless M 2 is above the tt threshold, in which case the CP -violation (for fixed M 1 ) increases rapidly with M 2 . 
Concluding remarks
We have reviewed and confirmed the basic results of [3] on CP violation induced by nonstandard Higgs exchange in the production of tt pairs at the LHC, up to a few misprints.
The results for the box diagram have been further reduced to basic loop integrals. Some modifications of their observable A 1 = E + − E − (where E ± are the lepton energies) have been investigated. These modifications can in some kinematical situations improve the signal-to-noise ratio, provided the tt invariant mass can be determined with a reasonable precision.
For the observable A 2 = pt · l + − p t · l − , we find a much lower signal-to-noise ratio than was given in [3] . This observable thus appears less suited for a search for CP violation at the LHC (for details, see sect. 3.2).
In a minimal, CP -violating Two-Higgs-Doublet Model, where couplings and masses are constrained and related by the Higgs potential and the Yukawa couplings ("Model II"), the CP -violating effects can at the LHC be at the per mille level, as given by Bernreuther and Brandenburg [3] (see also [1] ), provided that (i) tan β is small ( < ∼ 1), and that (ii) there is only one light Higgs boson. If there are two neutral Higgs bosons below the tt threshold, the effects are severely reduced by cancellations among different contributions.
Our study does not include QCD corrections. Within pure QCD (no Higgs exchange), next-to-leading-order corrections are known [28] . They are not known for these CPviolating effects. Since we study ratios, one may hope that the dominant parts of the QCD corrections cancel, but this remains to be seen.
Finally, we recall that there are other observables that we have not studied (see, e.g. [4, 29] ). At the parton level, the basic asymmetries are larger, of the order of 10 −2 , as compared with the order 10 −3 effects discussed here. Thus, for some other choice of observable, it is quite possible that a larger fraction of the 2HDM parameter space could be explored.
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